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1. INTRODUCTION 
Activation of the sympathetic nervous ystem re- 
sults in an increase of hepatic glycogenolysis [1-3]. 
In intact animals pre-ganglionic stimulation of the 
splanchnic nerve [4-8] and post-ganglionic stim- 
ulation of the hepatic nerves [9-13] was found to 
increase glucose output by the liver in rabbit [4-7], 
cat [8-11], dog ]8,12], pig [8], sheep [8] and man 
[13]. In these in vivo systems it is difficult if not im- 
possible to decide whether the nerves regulated 
metabolism directly or indirectly via glucagon 
from the endocrine pancreas and/or catechol- 
amines from the adrenal medulla. In perfused liver 
preparations pre-ganglionic [14] and post-gangli- 
onic [15,16] nerve stimulation was also shown to 
enhance glucose output in toad [14], mouse [15] 
and rat [16]. In these isolated in vitro systems the 
nerves must have affected metabolism directly. 
Thus the metabolism of carbohydrates, especially 
of glycogen in hepatocytes can be regulated not 
only by circulating hormones uch as insulin and 
glucagon [17,18] but also by the direct autonomic 
innervation. The relative importance and the mu- 
tual dependence of hormonal and neuronal con- 
trol is unknown. 
It was the object of the present investigation to 
study the influence of insulin and glucagon and 
the activation of hepatic glycogenolysis by perivas- 
cular nerve stimulation. In the in situ perfused rat 
liver infusion of insulin had by itself no effect on 
the glucose and lactate balance; yet it reduced the 
nerve-mediated increase of glucose output to 
30% and of lactate output only slightly to -75%. 
Infusion of glucagon led by itself to an enhance- 
ment of glucose output and of lactate uptake. 
Nerve stimulation in the presence of glucagon in- 
creased the output of glucose further and reduced 
the enhanced lactate uptake. The results demon- 
strate that metabolic hanges caused by the hepat- 
ic nerves can be modulated by circulating insulin 
and glucagon. 
2. MATERIALS AND METHODS 
All chemicals were reagent grade and from com- 
mercial sources. Enzymes were purchased from 
Boehringer (Mannheim); bovine serum albumin, 
glucagon and insulin from Serva (Heidelberg). 
Male Wistar rats (130-170 g body wt) were ob- 
tained from Winkelmann (Borchen). At least 1 
week before the experiment they were subjected to 
a 12 h day-night rhythm, 7 h-19 h, with free ac- 
cess to food, standard diet 1320 of Altromin 
(Lage). 
2.1. Liver perfusion 
All experiments were started at 9:30h. After 
anesthesia by intraperitoneal injection of pen- 
tobarbital, 60 mg/kg body wt, the experiment was 
continued in a 37°C cabinet. The technique of in 
situ perfusion with media containing 5mM 
glucose, 2 mM lactate, erythrocytes, bovine serum 
albumin and Krebs-Ringer bicarbonate buffer 
and of the perivascular nerve stimulation (20 V, 
2 ms, 20 Hz) has been described [16]. 
2.2. Determination of metabolites 
Glucose and lactate concentrations were mea- 
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sured photometrically with standard enzymatic 
methods using hexokinase (EC 2.7.1.1) plus 
glucose-6-phosphate dehydrogenase (EC 1.1.1.49) 
and lactate dehydrogenase (EC 1.1.1.27). 
3. RESULTS 
Perivascular nerve stimulation for 5 min resulted 
in an increase of glucose output and in a switch 
from lactate uptake to output (fig.lA) as well as in 
a decrease of portal flow (not shown, see [16]). 
Metabolic rates returned to the starting values 
15 min after the onset of nerve stimulation. 
Insulin (100nM) alone had no effect on the 
glucose and lactate balance (fig.lB) and on portal 
flow. Yet, it reduced the increase of glucose output 
during the 15 rain period after nerve stimulation to 
30%, while it decreased the change of the lactate 
balance only to -75% (fig.lB, shaded areas). The 
decrease of portal flow after nerve stimulation was 
unchanged in the presence of insulin. The en- 
hancement of glucose output was antagonized by 
insulin in a dose-dependent manner while the 
change of the lactate balance was only slightly di- 
minished without correlation to the hormone con- 
centrations tested (fig.2). Thus nerve stimulation 
and insulin showed clearly antagonistic effects 
only with respect o glucose output. 
Glucagon (1 nM) by itself increased glucose out- 
put and lactate uptake (fig. IC); it did not alter 
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Fig.1. Neuronal regulation of substrate xchange in rat liver perfused in situ; effect of insulin and glucagon. Insulin 
(100 nM) and glucagon (1 nM) were infused for the indicated period. Hatched columns represent periods of perivascu- 
lar nerve stimulation. In B and C the broken lines indicate the exchange without nerve stimulation. The shaded areas 
under the curves are a measure for the change of the total balance (#mol/g liver) during 15 min after onset of nerve 
stimulation. In C the dotted area shows the additional change of the glucose balance caused by glucagon without nerve 
stimulation. Values are means ___ SEM of 5 (A) and 6 (B and C: 3 with and 3 without nerve stimulation) experiments. 
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Fig.2. Change of the total balance of substrate xchange 
after perivascular nerve stimulation; Influence of dif- 
ferent concentrations of insulin and glucagon. The filled 
and the hatched columns represent the change shown as 
the shaded areas in fig.l; the dotted columns indicate 
the additional change due to glucagon without nerve 
stimulation given as the dotted area in fig.1. 
portal flow. In the presence of glucagon, nerve 
stimulation enhanced glucose release further after 
an initial reduction, which cannot yet be readily 
explained; it decreased lactate uptake. The de- 
crease of portal flow after nerve stimulation was 
not influenced by glucagon. In the presence of 
glucagon the increase of glucose output due to 
nerve stimulation was essentially the same as in its 
absence, while the nerve-dependent change of lac- 
tate balance was slightly diminished (fig.lC, 
shaded areas). The metabolic hanges caused by 
nerve stimulations were similar at different gluca- 
gon concentrations (fig.2). Thus nerve stimulation 
and glucagon showed additive effects with respect 
to glucose output and clearly antagonistic effects 
with respect to the lactate balance. 
4. DISCUSSION 
It was shown in the present investigation that in- 
sulin by itself had no effect on the glucose and lac- 
tare balance of the perfused rat liver but that it re- 
duced the enhancement of glucose output and the 
change in lactate balance caused by perivascular 
nerve stimulation (fig.lB). The metabolic ineffec- 
tiveness of insulin alone has been observed [19]. 
Since it was demonstrated that the nerve action 
was mediated by an a-adrenergic mechanism 
[15,16], the antagonism between insulin and nerve 
action is in agreement with the finding that insulin 
in the perfused rat liver counteracted the increased 
glucose output caused by the a-adrenergic agonist 
phenylephrine [20,21]. 
Furthermore, it was found that glucagon alone 
led to an increase of glucose output as had to be 
expected [22] and that glucagon and nerve stimula- 
tion were additive in the enhancement of glucose 
release (fig.lC). This additivity can be explained 
by the different mechanisms involved in the ac- 
tivation of glycogenolysis. Glucagon is known to 
act via an increase of cAMP [18], i.e. via a fl-type 
mechanism, which stimulates protein kinase, while 
nerve stimulation operates via an a-adrenergic 
mechanism [15,16], i.e. via an increase of intra- 
cellular calcium, which activates phosphorylase 
kinase [23,24]. 
Finally, it was observed that glucagon alone en- 
hanced lactate uptake as reported [25] and that this 
increased uptake was completely reversed and fur- 
ther reduced beyond the starting value by nerve 
stimulation (fig. 1C). It has been pointed out before 
[16] that the enhanced output of lactate after a- 
sympathetic stimulation (fig.lA) may be at vari- 
ance with expectations, ince the process of gluco- 
neogenesis, i.e. lactate consumption, is known to 
be stimulated by a-sympathetic agonists [26]. It 
was suggested that a 'correct' a-adrenergic nerve 
effect might need modulation by hormones uch as 
insulin and glucagon. The present findings 
(fig.lB,C) show that this proposal is no longer ten- 
able and lead to the conclusion that with respect o 
glycolysis in livers from fed rats glucagon and a- 
adrenergic nerves act as antagonists while in fasted 
animals they function as synergists. A similar un- 
expected observation was made in work with iso- 
lated hepatocytes using the c~-agonist phenyl- 
ephrine [27,28]. 
Insulin and glucagon were infused 5 min and 
10min, respectively, before the onset of nerve 
stimulation i  order to mimic a physiological situa- 
tion in which the nerve signal is transmitted to the 
71 
Volume 146, number I FEBS LETTERS September 1982 
liver when the organ is already under the control 
of 'basic' hormone concentrations. Whether the 
hormone-dependent modulations of the nerve 
effects would be the same if hormone addition oc- 
curred simultaneously with or even after nerve 
stimulation remains to be elucidated. 
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